Ionic conductivities of twelve protic ionic liquids (PILs) and their mixtures with water over the whole composition range are reported at 298.15 K and atmospheric pressure. The selected PILs are the pyrrolidinium-based PILs containing nitrate, acetate or formate anions; the formate-based PILs containing diisopropylethylammonium, amilaminium, quinolinium, lutidinium or collidinium cations; and the pyrrolidinium alkylcarboxylates, [Pyrr][C n H 2n+1 COO] with n = 5-8. This study was performed in order to investigate the influence of molecular structures of the ions on the ionic conductivities in aqueous solutions. The ionic conductivities of the aqueous solutions are 2-30 times higher than the conductivities of pure PILs. The maximum in conductivity varies from w w = 0.41 to 0.74 and is related to the nature of cations and anions. The molar conductance and the molar conductance at infinite dilution for (PIL + water) solutions are then determined. Self-diffusion coefficients of the twelve protic ionic liquids in water at infinite dilution and at 298.15 K are calculated by using the Nernst-Haskell, the original and the modified Wilke-Chang equations. These calculations show that similar values are obtained using the modified Wilke-Chang and the Nernst-Haskell equations. Finally, the effective hydrodynamic (or Stokes) radius of the PILs was determined by using the Stokes-Einstein equation. A linear relationship was established in order to predict this radius as a function of the anion alkyl chain length in the case of the pyrrolidinium alkylcarboxylates PILs.
Introduction
The term ionic liquid (IL) is broadly used in order to describe a large class of low melting organic molten salts liquids below 100 • C. Protic ionic liquids (PILs) are a subset of ionic liquids formed by the stoichiometric (equimolar) combination of a Brønsted acid with a Brønsted base [1] [2] [3] [4] . When a PIL is synthesised by mixing a strong acid with a strong base, the proton is located very strongly on the base; the PIL is most likely composed entirely of ions with possible ion complexation and aggregate formation [5] .
ILs have received a great attention as a class of solvents with a wide range of potential applications including organic and inorganic synthesis [6] , energy storage devices [7] , separations [8, 9] , and catalysis [10] . The most notable characteristics of many ionic liquids are their low vapour pressure, non-flammability, thermal stability, wide liquid range, and solvating properties for diverse substances. PILs are characterized by their great ability to form Hbond and present by consequence a strong interaction with polar solvents. For this reason, they have been investigated as amphiphile self-assembly media [11] , biological solvents [12] , and in polymer membrane fuel cells [13] .
Among the most important properties of ionic liquids is their conductivity for potential application as electrolytes in electrochemical devices. PILs can be mixed with water and protic solvents, consequently, provide new opportunities for studying the conductivity of electrolyte solutions in salt-rich region. There are a number of studies concerning the specific conductivity and viscosities of pure aprotic ILs (IL + molecular solvent) mixtures and (IL + polymer) composites [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . It is desirable and of great importance to understand and predict the transport proprieties of (IL + molecular solvent) solutions by mean of theoretical models.
In this work, we present experimental measurements of ionic conductivities of twelve protic ionic liquids and their mixtures with water over the whole composition range at 298.15 K and atmospheric pressure. The molar conductivities at infinite dilution of the selected PILs are determined by fitting the experimental data of ionic conductivities of (PIL + water) systems. From these results, the infinite dilution conductances of cations and anions of investigated PILs were then obtained. The self-diffusion coefficients were also calculated by using original/modified Wilke-Chang and the Nernst-Haskell equations. These diffusion coefficient calculations using both of these equations are convergent. 
hydrodynamic (or Stokes) radius of PILs was determined through the Stokes-Einstein equation.
Experimental

Materials
All amines (pyrrolidine, diisopropylamine, collidine, amilamine, and quinoline), and organic acids (formic, acetic, pentanoic, hexanoic, heptanoic, and octanoic acids) are commercially available from Fluka (>99.0%) and are used without further purification. The nitric acid (68% in water) solution is obtained from Sigma-Aldrich. Water is purified with Milli-Q 18.3 M water system and 1,2-dichloroethane DCE (>99.0%) is purchased from Sigma-Aldrich.
Preparation of PILs
Pyrrolidinium-based PILs (1) (2) (3) (4) are synthesised and purified following the procedure described in detail in previous works [24, 25] and summarized below. The preparation of four new PILs, based on the formate anion and different cations: amilaminium (5), quinolinium (6), lutidinium (7) and collidinium (8) are obtained by neutralization of corresponding amines by the formic acid. The pyrrolidinium alkylcarboxylates ([Pyrr][C n H 2n+1 COO] with n = 5-8) (9-12), which exhibit an higher ability to aggregate in aqueous solution forming a novel class of anionic surfactants, are prepared through the neutralization of pyrrolidine by alkylcarboxylic acids according to the procedure described in a previous work [26] .
For the preparation of [Pyrr] [NO 3 ] (1), pyrrolidine (26.78 g; 0.37 mol) is introduced in a two-necked round-bottom flask immerged in an ice bath. Nitric acid (68% in water) (34.54 g; 0.37 mol) is added dropwise to the flask in about 60 min. To get rid of residual water, 120 mL of DCE is added and azeotropic (DCE + water) mixture is distilled. DCE is finally evaporated from the mixture under reduced pressure so that Table 2 Properties of studied PILs: molar mass (M), density ( ), molar volume (Vm), viscosity (Á), specific ( ) and molar ionic conductivity ( ), and their uncertainty at 298.15 K.
PILs (water content in ppm)
M All synthesised PILs were dried overnight at 343 K under high vacuum (1 Pa) prior to use. Ionic liquids were analysed for water content using a coulometric Karl-Fischer titration prior any measurements. The water content of the PILs, measured just after distillation, is in range of 20-50 ppm, depending on the nature of PILs. The purity of PILs was checked by 1 H NMR spectrum using a 200 MHz Bruker spectrometer, CDCl 3 as solvent and TMS as internal standard. Obtained PILs are also characterized by differential scanning calorimetry (DSC), pycnometry, and rheology.
Measurements
Viscosities are measured using a TA instrument rheometer (AR 1000) with cone-plan geometry at various temperatures (from 298 to 353 K), values are given with accuracy greater than ±0.1%. Differential scanning calorimetry (DSC) is carried out on a Perkin Elmer DSC6 under N 2 atmosphere. The densities of protic ionic liquid were measured using a Sartorius 1602 MP balance with an accuracy of ±10 −4 g and pycnometers immerged in a thermostated bath. The densities values for water as reference, is (g cm −3 ) = 0.9971 at 298 K. The uncertainty for densities did not exceed ±0.1%. Conductivity measurements were performed by using a Crison (GLP 31) digital multi-frequencies conductimeter, between 1000 and 5000 Hz. The temperature control (at T = 298.15 ± 0.02 K) is ensured by a JULABO thermostated bath. The conductimeter was calibrated with standard solutions of known conductivity (0.1 and 0.02 mol L −1 , KCl), the uncertainty for conductivities did not exceed ±2%. The conductivity measurements of the PILs in aqueous solutions were carried out by continuous addition of pure PILs into water. Each conductivity was recorded when its stability was better than 1% within 2 min.
The names, and chemical formula of investigated compounds, are represented in Table 1 .
Results and discussion
Physical properties of pure PILs
Physicochemical characteristics: molar mass, density, molar volume, viscosity, specific and molar ionic conductivity of PILs at 298.15 K and their uncertainty are listed in Table 2 . The uncertainties for , Á and are deduced from measurements, whereas for V m , and , uncertainties are obtained from the computed values.
Ionic liquid densities are typically in the range 0.9-1.6 g cm −3 [11] . Generally, the ILs density is very strongly affected by the nature of the anion. For the studied PILs, densities fall in the range 1.1676-0.9690 g cm −3 as shown in Table 2 , and are related to the compactness of their structures. In fact the density decreases for pyrrolidinium with alkylcarboxylates as counter anion [Pyrr][C n H 2n+1 COO] series when the alkyl chain length increases: = 1.0246 g cm −3 (n = 5); 1.0037 g cm −3 (n = 6), 0.9870 g cm −3 (n = 7), 0.9690 g cm −3 (n = 8). We note also that pyrrolidinium nitrate posses the higher density = 1.1676 g cm −3 and lower molar volume deduced from its structure.
The nature of the anion and the cation, which compose the ionic liquid, has a huge effect on their viscosity. PILs viscosities studied in this works are reported in Table 2 . As already described in previous work [26] , the relative significance of van der Waals interactions increases with a long alkyl chain length, for (Table 2 ). It appears that, both natures of anions and cations impact conductivity values. This transport property is correlated to the viscosity of medium and ions mobility. The [25] . The thermal behaviour of the twelve studied PILs was investigated by differential scanning calorimetry (DSC). Each studied PILs exhibit a similar thermogram over ambient temperature. In Fig. 1 , we have shown for example the thermogram for the pyrrolidinium octanoate, it is a typical thermogram observed for all investigated PILs into this study. We observe in Fig. 1 
Physical properties of (PIL + water) binary systems
The ionic conductivity values, for (PIL + water) binary systems, were measured at 298.15 K, as function of the water weight fraction, w w . The data for specific conductivity, , for the studied solutions are presented in Table 3 . In Table 4 are reported the maximum of conductivities ( max ) and water weight fraction (w w(max) ) at this maximum. To appreciate and clarify the structure effects of ions on the conductivities maximum, three different graphs are represented into this manuscript (Figs. 2-4) .
In Fig. 2 (2): Á = 32.2 cP. The distance between the cation and the anion is not the most important parameter in the "destructuring" effect of water. In fact, for PILs with a long alkyl chain length, the ion-pairs destruction is obtained for higher concentration of water.
In Fig. 3 are presented the ionic conductivity dependences on water weight fraction, w w , for PILs based on the formate anion: Fig. 3 are similar to those presented in Fig. 2 , in this case (except for [Pyrr] [HCOO] (3)), the maximum in the conductivity is shifted toward larger water contents: close to w w(max) = 0.70. For the least conducting PILs, [Amil] [HCOO] (5) ( = 0.36 mS cm −1 ), the maximum in conductivity is located at the highest water weight fraction ( max = 36.0 mS cm −1 , w w(max) = 0.70). The pyrrolidinium cation, which exhibits more hydrophobic character, is less solvated by water and then more mobile ( max = 78.3 mS cm −1 , w w(max) = 0.41).
[Pyrr][HCOO] (3); [DIPEA][HCOO] (4); [Amil][HCOO] (5); [Qui][HCOO] (6); [Luti][HCOO] (7); [Coll][HCOO] (8). The curves presented in
In Fig. 4 , we plot the ionic conductivity for four aqueous mixtures of PILs based on pyrrolidinium alkylcarboxylates PILs, [Pyrr][C n H 2n+1 COO], with different alkyl chain length on the anion versus the water weight fraction, w w . We observe, in Fig. 4 , that the peaks in the conductivity shift to higher values of water weight fraction, w w , when the number of carbon on the anion increases, from w w(max) = 0.43 to 0.71 for n = 5-8, respectively. At the same time the maximum in conductivity decreases from max = 29.2 to 18.0 mS cm −1 for n = 5-8, respectively. The variation of these both factors versus the number of carbon in the anion alkyl chain length is linear as shown in Fig. 5 . The van der Walls interactions between hydrophobic carbon chains increase the viscosities and then decrease the conductivities of these PILs. In previous work [26] , we show the amphiphilic properties of pyrrolidinium and imidazolium based PILs with long chain alkyl as anion. The micellar properties of these compounds are probably responsible to correlation between conductivity , water weight fraction, w w and the length chain carbon in the anion.
The similarity between the graphs = f (w w ) reported in Figs. 2-4 indicates that the mechanisms of charge transport must be also the same for all (IL + water) mixtures. When water is added, the density of charge is reduced but the viscosity follows the same trend. At water concentrations above that of the conductivity maximum, the effect of dilution by water is predominant. This shape of curve is classically observed for mixtures binary of ionic liquids with molecular solvents [27, 28] .
There exist two markedly different regions in the conductivity profile of these ionic solutions, corresponding to concentrations below the conductivity maximum, and higher than this value. Although, the effect of coulombic interionic interactions is a monotonic reduction of the mobility of ionic charges in bulk electrolyte solutions over the whole range of concentration, in the first region, the ionic charges can be considered as high-mobility charge carriers so the addition of water to the bulk solution results in an increase of the conductivity. While in the second region, the mobility of the charge carriers is considerably lower because the dilution decreases the interactions between ions. One should reasonably in second physics region of the ionic solution can be understood using conventional transport theory in ionic solutions, thereby treating the medium as a statistical (or diffuse) distribution of ionic charges in a uniform structure less continuum, while in the first region the similitude to an pure IL is progressively less marked. Molenat's argument for the existence of a maximum in the conductivity/concentration profile must be understood in the electrolyte-like context of the first region [29] .
Up to our knowledge, a satisfactory quantitative theoretical explanation of the peak apparition and its position for each salt does not exist, even in electrolyte solution transport theory. Some works try to explain it qualitatively based in the presence of a glassy transition in the aqueous solution at concentrations around the peak [30] . Vila et al. have shown that in the electrical conduction two different mechanisms are present [31] . One of them is the number of ions present to transport charge (which increases with the IL concentration). The other one is related with the mobility of the ions in the solution, which will be lower when the number of ions increases (and so decreases with the concentration). At the peak the addition of both effects is optimal and so the conduction is most effective [31, 32] .
The molar conductivities, , of the PILs in solution were calculated from the ionic conductivity and the molar concentration, C:
The dependence of the molar conductivity, on the square root of the mole concentration in IL, Figs. 6 and 7 , for pyrrolidinium-based and formate-based PILs, respectively. From these graphs, we observed that at high PIL's concentrations: C IL > 1.0 mol L −1 , decreases exponentially when C IL increase. This behaviour is characteristic of a weak electrolyte, partially associated in water. This is particularly the case for the pyrrolidinium octanoate (11) which presents a hydrophobic length chain and hence a high tendency to aggregate [26] .
To determine the infinite dilution conductances of PILs cations and anions, we plot in the inset of Figs. 6 and 7, the molar conductivity , versus C IL at low concentrations. The obtained graphs represent a high linearity which is the expected behaviour at infinite dilution [33] according to the Debye-Onsager relation:
where is the molar conductivity, 0 the infinite dilution molar conductivity, C IL the molar concentration, and a, b the empirical constants. The infinite dilution molar conductivities of the different PILs, 0 , were determined by fitting the experimental data using Eq. (2) and the results are presented in Table 4 . In order to evaluate the infinite dilution conductances of the cation or anions of the investigated PILs, the additivity low at infinite dilution was applied a relation as in Eq. (3) was used
Using the infinite dilution conductance of the anions reported in the literature [34] .
Infinite dilution conductances data are presented in Table 4 The viscosity is an important parameter which can explain the variation of the conductivity of mixtures. For this reason, the conductivities variation of (PIL + water) systems is often linked to their viscosities values.
To correlate viscosity with composition, Seddon et al. [35] have stated that viscosities for ionic liquid mixtures with molecular solvents can generally be described by the exponential expression: where Á 0 is the dynamical viscosity of the pure IL, x w the mole fraction of the solvent (water in our case) and a is a fitting parameter, which depends on the types of IL and solvent. The simplest theoretical expression, which relates with the dynamical viscosity, Á, is Walden's rule as Á = k [32] . If we suppose that Walden product is valid in all concentration domain and k is not molar fraction, x w depend, the replace Á in Eq. (4) we will relate with the concentration of water in the PIL mixture:
In order to verify if the present data obey to relationship, the variation of versus the water mole fraction, x w , have been plotted for four selected samples ([DIPEA] [HCOO] (4) + water) in Fig. 8(a) , ([Luti] [HCOO] (7) + water) in Fig. 8(b) , ([Qui] [HCOO] (6) + water) in Fig. 9(a) and ([Coll] [HCOO] (8) + water) in Fig. 9(b) . The continuous lines represent the best fit of Eq. (5) to the presented data. Figs. 8 and 9 show that Eq. (5) correlates correctly the experimental data for (4) and (7) this model is less applicable in the case of (6) and (8) .
It can be seen also from Figs. 8 and 9 that for given (PIL + water) solutions, the molar conductivity of the PIL increases with x w . This observation is easy to understand by considering that the viscosity of the water is much lower than that of the PILs (see Table 2 ), the addition of water into a PIL can reduce, then, its viscosity significantly [35, 36] . Therefore, the mobility of ions or charge carriers is enhanced when the concentration is increased due to the viscosity reduction and finally, the solution becomes more conductive. The conductivity of an electrolyte solution depends on the number and the mobility of the charge carriers [37] . Ion-pairs or larger aggregates exist in both pure PILs and solutions [38] , but generally, water, which has a high dielectric constant (ε = 80), tends to be completely solvated with ions of PILs and interacts strongly with them. Therefore, the ability of water to establish H-bond and the electrostatic interactions with ions of PILs, influence the association behaviours of the PILs.
Self-diffusion coefficient
Self-diffusion of PILs in water could be considered as the diffusion of a binary univalent electrolyte. Applying the Nernst-Haskell equation [33] , the diffusion coefficient of electrolytes is giving by:
where D 0 PIL is the diffusion coefficient of PIL in water at infinite dilution, R the gas constant, T the absolute temperature, F the Faraday's constant, z + and z − are the charge numbers of cation and anion, respectively, 0 + and 0 − the infinite dilution conductances of the cation and anion, respectively.
Using infinite dilution molar conductance data of ions reported previously in Table 4 (6)). Results are presented in Fig. 10 and Table 5 , with an average error of 5.4%.
In same time, the most common correlation used in order to estimate the diffusion coefficients of organic molecules in a solvent such as the Wilke-Chang equation [39] was used for all studied systems by respecting the following notification: the diffusing component is treated as an organic solute and the diffusion of solute A (PIL) in solvent B (water) is represented by Eq. (7):
where D 0 PIL/w is the diffusion coefficient of PIL in water, the solvent parameter (water: = 2.26 [40] ), M w the molecular weight of water, T the absolute temperature in K, Á w the viscosity of water in cP, and V PIL is the molar volume of the PIL in cm 3 mol −1 . Theses values are available from Table 2 . Calculated values of D 0 PIL/w are reported Table 5 .
In 
with k = 1.47 produced a better correlation of the presented data ( Fig. 10 ) with an average error close to 3.8% (Table 5) . Considering the experimental error involved, the predictions are reasonably accurate. It is interesting to note that the diffusion coefficients of the studied PILs are correlated to the molecular weights as shown in Fig. 11 .
The determined self-diffusion coefficients were correlated as a function of viscosity according to the Stokes-Einstein equation [41] to obtain the effective hydrodynamic (or Stokes) radius r S
where D 0 is the self-diffusion coefficient of PIL at infinite dilution from Nernst-Haskell calculated values, k B the Boltzmann constant, Heaving alkyl groups usually induce large interionic van der Walls attraction between them, whereas the cation-anion coulombic is reduced owing to steric hindrance. Because the overall result leads to an increased diffusivity, this allows us to assert that the van der Walls attraction between the alkyl chains is a dominant factor determining the self-diffusivity in this system. Furthermore, as shown in the case of the effective hydrodynamic radius in Fig. 12 , the effective hydrodynamic radius, r S , varies linearly with the anion alkyl chain length on the pyrrolidinium alkylcarboxylates PILs, 
where r S(-CH 2 -) is the contribution to the effective hydrodynamic radius of pyrrolidinium alkylcarboxylates of a -CH 2 -group on the alkyl chain and n is the number of -CH 2 -. (10) gives then the possibility to predict accurately the effective hydrodynamic radius for other pyrrolidinium alkylcarboxylates.
Conclusion
The specific conductivities of twelve protic ionic liquids and their mixtures with water in the whole composition range have been determined at 298.15 K and at the atmospheric pressure. The specific conductivities of the (PIL + water) mixtures present a maximum at a water weight fraction, w w(max) , which depends strongly of the anion/cation couple considered. The maximum in conductivity, max , depends also to the nature of PILs, and the higher reported values are max = 113 mS cm −1 (at w w(max) = 0.41) for the ([Pyrr] [NO 3 ] + water) solution.
The infinite dilution molar conductivities of the different PILs, are determined by fitting the experimental data to the Kohlrausch equation. The infinite dilution conductances of the cations are then deduced using known values for the anions. These data are used to predict the diffusion coefficient values via the Nernst-Haskell equation. The diffusion coefficients are alternatively calculated by using the original and modified Wilke-Chang equations, but it appears that only the Nernst-Haskell and the modified Wilke-Chang equations are able to give efficiently these values with accuracy. The infinite self-diffusion coefficients of studied PILs are proportional to their molecular weights.
Finally, the effective hydrodynamic radius (Stokes radius) of all studied PILs is determined through the Stokes-Einstein equation. A linear relationship has been then established between the Stokes radius and the number of carbon in the alkyl chain on the carboxylate anion for pyrrolidinium-based PILs. These results can be useful to predict efficiently the radius of other pyrrolidinium alkylcarboxylate.
